Homologous recombination enables the cell to access and copy intact DNA sequence information in trans, particularly to repair DNA damage affecting both strands of the double helix. Here, we discuss the DNA transactions and enzymatic activities required for this elegantly orchestrated process in the context of the repair of DNA double-strand breaks in somatic cells. This includes homology search, DNA strand invasion, repair DNA synthesis, and restoration of intact chromosomes. Aspects of DNA topology affecting individual steps are highlighted. Overall, recombination is a dynamic pathway with multiple metastable and reversible intermediates designed to achieve DNA repair with high fidelity.
Homologous recombination (HR) 2 is essential to access the redundancy of genetic information that exists in the form of sister chromatids or homologous chromosomes when both strands of the DNA double helix are compromised. Important biological contexts of HR are DNA replication support and the repair of DNA double-strand breaks (DSBs) in somatic cells and during meiosis (1) . In this Minireview, we focus on the repair of DSBs by HR in somatic cells to illustrate the biochemistry of the enzymes involved in the individual steps.
When a chromosome suffers a DSB, the DNA damage response coordinates cellular pathways to ensure genomic stability and survival, including the pathway choice of DSB repair (2) . As summarized in Fig. 1 , DSBs can be repaired by a number of different pathways that lead to the restoration of the chromosome. Other contributions in this Minireview series will discuss canonical nonhomologous end-joining (NHEJ) (3) and microhomology-mediated end-joining (MMEJ) (4) . For HR, the DSB is resected 5Ј to 3Ј on one strand of the DSB ends producing terminal 3Ј-OH single-stranded DNA (ssDNA) tails. As control of DSB resection defines a mechanism of pathway choice between HR and end joining, we refer the reader to the contribution dedicated to this key step for a discussion of the nucleolytic processing of DSBs (5) . Briefly, DSB resection is surprisingly complex and flexible (6) . The nuclease Mre11-Rad50-Xrs2 and its cofactor Sae2 ( Table 1 for a list of proteins) 3 initiate resection with the capability of acting on DSB ends with nonstandard DNA chemistry or covalently attached proteins by delivering an endonucleolytic incision to release a terminal 5Ј-ending oligonucleotide. Bulk resection is accomplished by two pathways involving the 5Ј-3Ј exonuclease Exo1 and the Sgs1-Top3-Rmi1 complex working in conjunction with the Dna2 nuclease. Both long-range resection pathways require the Fun30 chromatin-remodeling factor and are negatively regulated by the DNA damage-response protein Rad9 binding to specific histone marks (6) .
The resected DSB end(s) must find, synapse with, and invade (intertwine with) a homologous donor locus to prime repair DNA synthesis. DSB repair by HR in somatic cells favors use of the sister chromosome over the homologous chromosome as a template donor (7) and primarily resolves interchromosomal joint molecules through the synthesis-dependent strand annealing pathway (SDSA) ( Fig. 1 and Figs. S1 and S2) (8, 9) . Both of these preferences serve to limit potential loss of heterozygosity through somatic crossover (10) . In SDSA, DNA synthesis creates homology to the other broken DNA end, so that when the extended D-loop is unwound the two ends can anneal and achieve repair ( Fig. 1 and Fig. S2 ). Alternatively, this step may involve a second DNA strand invasion event (Fig. S1 ). In the following, we will describe the individual steps of the pathway and discuss the reversibility of key intermediates that enhance the fidelity of HR and limit potential deleterious genomic rearrangements (11, 12) .
Assembly and maintenance of the nucleoprotein filament scaffold on ssDNA own and interacting protein activities (13) (14) (15) . Nucleation of the Rad51 filament is challenged by competition with the ssDNA-binding protein RPA (16) . Once nucleated, cooperative interactions between Rad51 protomers dominate, and filament growth ensues. The term mediator is used to describe proteins enabling Rad51 to overcome the inhibition of RPA by acting as nucleation platforms bridging Rad51 to ssDNA to displace RPA (13, 15) . The RecFOR complex in bacteria (17) and Brh2 protein in the fungus Ustilago maydis (18) recognize a specific DNA structure to begin filament growth, the junction formed by ssDNA transitioning to dsDNA at the resection boundary.
Other mediators, such as Rad52 and BRCA2, appear to lack a clear DNA junction preference (19) . In yeast, Rad52 mediates the replacement of RPA with Rad51 in a mechanism where ssDNA wraps around Rad52, destabilizing the RPA-ssDNA interaction while promoting Rad51 binding through physical interaction between Rad51 and Rad52 (20, 21) . Yeast Rad52 defines its epistasis group of HR proteins, being necessary for all Rad51 filament formation in vivo (22, 23) . Interestingly, although RAD52 is conserved as a protein, its dominant mediator function is not. In vertebrates, genetic and biochemical evidence suggests that the BRCA2-DSS1 complex is critical to Figure 1 . Model for repair of DNA double-strand breaks by homologous recombination in somatic cells. When a DNA double-strand break (DSB) occurs in a DNA molecule, repair can proceed by multiple pathways largely controlled by end resection. NHEJ is capable of repairing unresected or minimally resected DSBs in a template-independent fashion. MMEJ and single-strand annealing (SSA) rely on different extents of homology between the two DSB ends for repair independent of a donor molecule. Homologous recombination proceeds as shown in the figure using a homologous donor DNA. Most of the extended D-loops in somatic cells are disrupted and subsequently repaired by SDSA. The end result of the repair by SDSA is always a noncrossover outcome, thus avoiding loss of heterozygosity produced by somatic crossovers. SDSA occurs by disruption of the extended D-loop and annealing the newly synthesized DNA with the second end of the broken molecule. Alternatively, the newly synthesized strand may invade the second end as depicted in Fig. S1 . The extended D-loop can also undergo second-end capture or invasion ( Fig. S2 ) to form a double Holliday junction (dHJ). This may either lead to a crossover or a noncrossover outcome. Invasion by the second break end makes dHJ formation and hence crossover outcome more likely, as depicted in Fig. S2 . See Fig. S3 for another model for crossover generation. dHJs can be dissolved into noncrossovers by the concerted action of the Sgs1-Top3-Rmi1 complex to migrate the two junctions toward each other and then decatenate the strands of the hemicatenane by the Top3 topoisomerase activity. Each colored line indicates a strand of DNA, and dotted lines represent DNA synthesis.
THEMATIC MINIREVIEW: DSB repair by homologous recombination RAD51 filament nucleation (19, 24 -28) . BRCA2 appears to act in concert with the human RAD51 paralogs, as suggested by epistasis analysis (29) . However, it is not yet fully clear why such a large protein with a complex interactome and nine RAD51binding sites is required to accomplish what in other species is achieved by much simpler proteins with only one to two binding sites for the filament protein (e.g. RecFOR and Brh2-Dss1) (30) . Interestingly, in BRCA2-deficient human cells, RAD52 becomes essential, and it was suggested that RAD52 exerts a mediator function under these conditions (31) .
Rad51 family ATPases display complex behavior regulated by bound nucleotide cofactor (13) (14) (15) 32) . First, it controls Rad51 DNA affinity (ATP ϭ high affinity and ADP ϭ low affinity) with the ATP-bound state favored for filament nucleation THEMATIC MINIREVIEW: DSB repair by homologous recombination and growth. Second, Rad51 ATPase controls the extent of filament elongation through transitions in filament pitch. As it binds ssDNA, Rad51-ATP stretches it to 150% of B-form length, but in a nonuniform manner. In the RecA filament-ssDNA crystal structure trapped in its most extended form with ADP-AlF 4 (33) , each RecA monomer binds three nucleotides of DNA and holds them with near B-DNA rise values (3.8 -4.2 Å per nucleotide; B-DNA is 3.4 Å). Most of the extension is achieved by the stretched (7.1-7.8 Å rise) base steps between nucleotide triplets and the next monomer, as RecA inserts hydrophobic residues of its L2 loop into the intertriplet base stacks. The arrangement of triplet bases is likely conserved among all family members and appears critical for homology search (34, 35) .
The fully extended Rad51 filament is referred to as the active form of Rad51; however, this may be an oversimplification as the filament is not a static structure in the presence of ATP. RAD51 bound to a nonhydrolyzable ATP analog extends filaments the most (99 Å pitch), whereas RAD51-ADP, in contrast, forms compressed, low pitch filaments (76 Å) (36) . Under conditions that permit ATP hydrolysis, intermediate RAD51 filament extension is observed (37) . Although the ADP-bound state has low DNA affinity, Rad51 does not necessarily dissociate from ssDNA upon ATP hydrolysis. Dissociation of RAD51-ADP is concentrated at filament ends (38), whereas internal monomers, stabilized by interaction with two adjacent monomers, exchange ADP back for ATP without dissociating (39, 40) . This general behavior has also been observed with bacterial RecA protein, which hydrolyzes ATP ϳ100 times faster than eukaryotic Rad51 ( Fig. 2A ). In single molecule experiments, switching between a buffer with and without ATP, RecA filaments elongate and shorten, respectively (40) . The local changes in filament pitch that occur with ATP hydrolysis promote nucleoprotein filament movement (41) . Third, the RecA ATPase enhances heteroduplex DNA extension (see below), and the ATPase becomes necessary when mismatches are present in the path of the exchanging strands (42, 43) .
Accompanying ascending organism complexity, the central HR protein becomes less and less autonomous, its ATPase slows, and the list of interacting proteins grows larger ( Fig. 2A ; Table 1 ). At the upper extreme, vertebrates have evolved five different RAD51 paralogs, each required for normal RAD51 foci formation and each mutant displaying DNA damage sensitivity, suggesting that each paralog has a unique function (13, 15, 44) . The functions of the Rad51 paralogs appear to be accomplished through their integration into the Rad51 filament (45, 46) , although their arrangement of contacts and frequency within or capping filament segments is unknown. Rad51 paralog-dependent changes in nucleoprotein-ssDNA nuclease sensitivity suggest their interaction with Rad51 filaments leads to changes in its conformation (46) . In Saccharomyces cerevisiae, the Srs2 helicase disrupts Rad51 filaments, preventing hyper-recombination (47) (48) (49) . The Rad51 paralogs Rad55 and Rad57 form a heterodimer that opposes the action of Srs2, acting as a roadblock on ssDNA in the path of the helicase (45) . Many facets and interspecies variations by which Rad51 filaments are modulated by its paralogs are still awaiting elucidation.
In eukaryotes, the Sae3-Mei5 heterodimer is important for mitotic and/or meiotic recombination, depending on the organism (50) . For example, S. cerevisiae Sae3-Mei5 is only required for HR during meiosis, whereas in vertebrates the homologous complex SWI5-MEI5 functions during HR in somatic cells (Table 1) . Some species utilize the heterodimer for both programs (e.g. Schizosaccharomyces pombe), and plants appear to lack homologs (50). Swi5-Sfr1, the fission yeast homologs, display an elongated structure that binds in the groove of the extended Rad51 filament (51) . It stabilizes Rad51 filaments on ssDNA and promotes Rad51-dependent DNA strand exchange reactions (50) . Mouse SWI5-SFR1 was shown to enhance the RAD51 ATPase by promoting ADP-ATP exchange (52) . The mechanisms and evolutionary driving forces to explain why the Rad51 filament should become dependent on Sae3-Mei5 only in certain contexts await elucidation. (33) . Watson-Crick base pairing occurs between the invading strand and its complement and may be partially retained between the two complementary strands of the donor molecule. Intertwining of DNA strands leads to D-loop formation, containing heteroduplex DNA (hDNA). C, two types of invasion are 3Ј end invasion, which is favored (81) , and internal invasion away from the end. In the latter case, the D-loop must be processed to create a primer-template junction containing the 3Ј end of the invading DNA strand for extension by a DNA polymerase, and different possibilities are depicted.
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Curiously, vertebrate RAD51, unlike yeast Rad51, prokaryotic or phage proteins, does not form stable RAD51-ssDNA filaments on its own in vitro. Calcium enables RAD51 filament formation by inhibiting its ATPase activity (53, 54) . Furthermore, calcium ions appear to change the orientation of bases within RAD51 filaments, relative to magnesium ions (55) . It is unclear whether calcium is a physiological cofactor or a substitute for a protein cofactor such as SWI5-MEI5, as the fission homolog Swi5-Sfr1 was found to stimulate the same step as calcium but by a different mechanism (56, 57) .
A key difference between prokaryotic and eukaryotic recombination machineries is the evolution of a tightly coupled dsDNA-dependent motor activity complementing the Rad51 filament, the Rad54 protein. Although its primary role requires its ATPase activity (see below), Rad54 associates with Rad51-ssDNA filaments and stabilizes them, independent of its ATPase activity (58, 59) .
Rad51 regulation by the nucleotide-binding/hydrolysis cycle, associated proteins, and potentially other cofactors is critical in its assembly and function. Once the nucleoprotein scaffold is assembled, other Rad51 filament-interacting proteins enhance the homology search and DNA strand invasion activities of this dynamic entity.
The homology search
The broken DSB end, now resected to ssDNA and assembled with the Rad51 filament and cofactors, must find a homology donor from which to initiate DNA synthesis. The nature of the search entity as a filament allows the entire sequence of ssDNA within to be exploited. The filament must interact with genomic dsDNA as it scans for sequence complementarity. In addition to the primary DNA-binding site for ssDNA, RecA has a secondary dsDNA-binding site that promotes lateral contact with duplex DNA (60) . In a poorly understood fashion, one strand of duplex DNA is destabilized to open the helix and to allow bases to be sampled for complementarity to those within the filament, termed base-flipping (61, 62) . In the case of eukaryotic Rad51, additional proteins may be involved in this step, and a role of bridging RAD51 filaments to dsDNA has been proposed for vertebrate RAD51AP1, PALB2, and HOP2-MND1 (63) (64) (65) (66) . In genome-wide anti-Rad51 CHIP assays, S. cerevisiae Rad54 or its paralog Rdh54 are required to measure significant Rad51 association outside the region of the DSB, suggesting homology search does not occur in their absence (67) . Besides the well-established role of BRCA1 in DSB resection control (5), human BRCA1-BARD1 was identified to play an unanticipated role in RAD51-mediated homologous pairing that correlated with the interaction between BRCA1 and RAD51 (68) . Thus, extrinsic factors may enhance dsDNA probing by Rad51 in eukaryotes.
For efficient homology search, dsDNA must be transiently bound and turned over rapidly when the sequence is incorrect. Microhomologies of as few as eight nucleotides promote extended lifetimes of Rad51-ssDNA-dsDNA complexes (69, 70) . A clear role of filament ATPase activity in the homology search was lacking until recently when RecA ATPase was shown to be involved in the release of dsDNA bound by the filament (71) . In contrast to RecA, Rad51 from yeast and human has ATPases of roughly two orders of magnitude lower than RecA ( Fig. 2A) , and therefore it is not clear whether the ATPase of Rad51 plays a role in dsDNA release during homology search or whether additional protein cofactors now assume this role in eukaryotes.
The synaptic complex, also known as a paranemic joint (72, 73) , forms upon identification of homology in a donor dsDNA ( Fig. 2B ). By EM, all three strands are seen passing into the filament along the paired region until they exit again (74) . The arrangement of base pairing in this three-stranded intermediate is poorly understood (Fig. 2B ), but there is no net intertwining of the invading strand with its complement in the donor, such that removal of proteins results in total disruption of the structure. However, synaptic complexes are more stable than filament interactions observed with nonhomologous dsDNA (75) . The structure, size, and lifetimes of synaptic complexes in vivo are not known; however, it was recently proposed that they exist for an extended period of time before being triggered to proceed to form the D-loop (76) .
The RecA-ssDNA structure suggests that for greater than three nucleotides in dsDNA to be consecutively base-paired with nucleotides in the extended filament, the dsDNA too must extend (untwist) in the same pattern of triplet stacked bases intervened by unstacked and stretched intertriplet gaps. This arrangement may facilitate the homology search by preventing cooperative base stacking interactions in the absence of homology, to favor the stabilization of pairing through Watson-Crick base pairing (35) . It also helps explain why negatively supercoiled DNA donors are highly favored for the formation of metastable synaptic complexes (72) . As the dsDNA is stretched, the negative supercoils are relaxed like a coiled spring to provide energy to drive expansion of the paired region. RecA synaptic complexes formed with donor plasmids of defined supercoil content and observed by EM have paired regions where the length corresponds to that needed to dissipate all negative supercoils (74) .
Formation of heteroduplex DNA in the D-loop and the ATP-dependent role of Rad54
After formation of the synaptic complex, the 3Ј end of the invading strand must be intertwined with its complement in the donor to form a primer-template junction competent for DNA synthesis (Fig. 2B ). This key intermediate is known as the displacement or D-loop, because the original base-pairing interactions in the donor dsDNA were disrupted and replaced by heteroduplex DNA (hDNA), a term that describes the region within the D-loop where the invading strand has intertwined with the complementary strand in the donor. The DNA-strand invasion reaction is fundamentally different from DNA strand annealing, because it requires DNA strand displacement and the original base pair to be broken.
Rad54 activity is tightly coupled to the activity of Rad51, to the extent that yeast Rad54 is required for D-loop formation in vitro and in vivo, dependent on its ATPase activity (77) . Human RAD54 highly stimulates the calcium-supported RAD51 reaction (76, 78) . Rad51 stimulates Rad54 ATPase activity many-THEMATIC MINIREVIEW: DSB repair by homologous recombination fold, and this activity is coupled to the removal of Rad51 filaments from dsDNA (79) . At least two nonexclusive models have been proposed to explain Rad54 motor activity in promoting D-loop formation. In one, Rad54 translocation on donor dsDNA induces supercoiling, and this in turn leads to transient separation of dsDNA to allow the Rad51 filament access to the complementary strand (80) . Another model posits that Rad54 is an hDNA pump that threads in the invading strand and donor dsDNA and threads out hDNA and the displaced strand. Establishing and migrating an hDNA branch point (junction), the motor domain translocates on the newly uniting strands of the hDNA, while the displaced strand is guided out of the donor duplex through the N-terminal ssDNA-binding domain identified in Rad54 (81) . In this model, Rad51 is removed during the process of forming hDNA, with Rad54 acting essentially as a three-way zipper (81) .
Why have eukaryotes parsed out functions of the central DNA strand exchange protein to other protein factors, such as Rad54? First, it may provide greater function or versatility than the filament protein alone. For example, the Rad51/Rad54 pair can invade a linear donor, whereas RecA requires negatively supercoiled donor DNA (81) . In eukaryotes, the supercoiling density is not uniform throughout the genome (82) , and therefore more topological versatility may be required. Rad51 and Rad54 have also been reported to be competent to form D-loops in donors with bound nucleosomes, a reaction also not supported by RecA (83, 84) . Second, less autonomy in the DNA strand-exchange protein translates to greater opportunity for regulation. Human RAD54 phosphorylation by NEK1 kinase is necessary for RAD51 foci to be turned over in the G 2 phase of the cell cycle (76) . One possible interpretation is that synaptic complexes, marked by RAD51 foci, are only triggered to form hDNA when RAD54 is phosphorylated. However, the purified phosphorylation site S572A mutant formed D-loops, bound DNA and RAD51-like WT protein (76) , suggesting that the RAD54 phosphorylation-dependent triggering of RAD51 foci removal cannot be explained by a simple model of direct enhancement of RAD54 activity. Synaptic complex formation initially relaxes the donor when the extended Rad51-ssDNA filament aligns with homologous bases present in the complementary donor strand, causing them to extend as well. Invading strand intertwining to produce hDNA is a separate consumption of the negative supercoils in the donor, and unlike synaptic complexes, hDNA is stable even in the absence of the bound proteins. The topological status of the donor will also influence the DNA synthesis step, as indicated in the figure and discussed in the text. Gray ovals indicate a specific DNA-bound protein(s), which creates discrete topological domains within linear chromosomes. Green horseshoe, topoisomerase. B, negative supercoiling creates an energy well that influences DNA strand intertwining or unwinding. Invasion into a supercoiled donor will favor stand intertwining as negative supercoils release their stored energy as they are dissipated, with a relaxed donor defining the lowest energy state. Once all negative supercoils are relaxed, extending hDNA through further intertwining, or DNA synthesis, will induce positive supercoils. Unwinding the D-loop in a relaxed donor by a DNA helicase will require they rewind negative supercoils in the donor. The dotted green line represents the altered energy landscape made possible by the action of topoisomerases, in effect making the energy well more shallow. Orange triangles depict DNA helicases and their translocation orientation to disrupt D-loops.
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DNA topology and structure affect hDNA formation and stability
Where the initial invasion occurs along a long resected DSB end depends on multiple factors, including where the initial homology is encountered. The synaptic complex will likely spread to the extent allowed by supercoiling (see Fig. 2 legend) ; then, the invading strand will intertwine with the complementary donor strand forming hDNA, beginning at some point relative to the 3Ј end to form a D-loop. Homologous ssDNA ends (physiologically the 3Ј end) are favored over internal homologous sequence, yet hDNA may form anywhere along the homologous sequence (81) . Supercoiling determines the extent of the hDNA tract that can be accommodated, with about 10.5 bp per negative supercoil that can be intertwined before there is a topological block encountered. Highly negatively supercoiled domains in the donor may favor the initial synaptic complex formation and subsequent invasion (Fig. 3A) . The stored energy within the natural negative superhelicity of chromatin, analogous to a compressed spring, creates an energy well encouraging homologous strands to intertwine as favored by the energy release (Fig. 3B ). Superhelicity also affects the DNA synthesis step as well as the unwinding of hDNA by helicases necessary to dissociate the D-loop (Fig. 3B ). In the latter case, the donor is unwound toward a relaxed state as it intertwines with the invading strand, and so it must be rewound to eject the D-loop (reinduce negative supercoiling). In vivo, the supercoiling status is neither random nor static (82, 85) . Besides ATP-dependent motor proteins, topoisomerases also have the potential to lower energetic barriers to extending hDNA, either by branch migration or DNA synthesis, and to accomplish hDNA disruption (Fig. 3B) . The Sgs1-Top3-Rmi1 complex is composed of a potent 3Ј-5Ј DNA helicase, a type 1A topoisomerase, and its co-factor, respectively. Specifically in the context of a reconstituted D-loop reaction, but not with protein-free DNA, Top3-Rmi1 relaxes the plasmid donor and promotes the dissociation of the D-loop (86) . Mutants in the complex have a slow growth phenotype that is rescued by deletions that impair HR (87) . Hence, Top3 is a good candidate for an HR-associated topoisomerase activity. Other type I or type II topoisomerases have the potential to affect HR outcome as well, even if indirectly by changing the topological landscape of the domain being invaded (Fig. 3) . These topological aspects of hDNA dynamics underpin the energy landscape of DNA strand exchange reactions and may rationalize the need for multiple motor proteins driving reactions in defined directions.
At a minimum, only the very 3Ј end of the invading strand needs be in hDNA to form a primer-template junction for DNA synthesis. However, the hDNA region may be hundreds of bases pairs. It is becoming increasingly clear that the sequence away from the 3Ј end can readily form hDNA, as evident by robust Rad51/Rad54-dependent D-loop formation using substrates with terminal heterologies (81) . In addition, multi-invasion species, where the invading strand forms hDNA in more than one dsDNA donor molecule, occur in vitro and in vivo (11, 81) . Therefore, it seems unlikely that as the DNA intertwines internally, the rest of the ssDNA molecule passes through the strands of the donor helix. Rather, the hDNA region may intertwine while dissipating the torsion created through rotation in the ssDNA. The prevalence of internal invasions brings up new questions as to how they would be processed. These D-loops could be disrupted to try endinvasion again, the hDNA region could be extended or migrated toward the 3Ј end by as yet unknown enzymes, or the unincorporated strand extremity might be cleaved by a nuclease such as Rad1-Rad10 (Fig. 2C; Table 1 ). Alternatively, by anchoring the DSB end, the internal invasion may facilitate a secondary invasion to occur at the 3Ј end (Fig.  2C) . Internal or end invasion creates unique hDNA branch point structures that have the potential to influence HR protein activities, as found to be the case for the Rad54 and Srs2 motor proteins (81, 88) .
Clearly, much is unknown about the formation of hDNA in vivo for the lack of assays to physically measure D-loops and their extent in somatic cells. For example, there is little information on the role of topoisomerases on HR other than Top3. The length of the hDNA tract can influence biological outcome because longer hDNA tracts favor dHJ formation thereby promoting crossovers (CO) (89, 90). COs, in turn, risk potential loss of heterozygosity of critical genes such as tumor suppressors (10) . This evolutionary pressure is evidently intense enough on organisms that it has selected for pathways of somatic CO avoidance to favor SDSA.
D-loop reversal activities ensure high-fidelity DSB repair and CO avoidance
In SDSA, the disruption of the extended D-loop is ultimately required for chromosome resolution, but this is not the only need for D-loop disruption ( Fig. 1 and Fig. S2 ). First, it may help reject hDNA formed with homeologous (partial homology) donors to aid the homology search. Second, D-loop disruption lowers the probability that the two ends of the DSB will simultaneously invade the donor, and DNA synthesis allow maturation into a dHJ with potential CO outcome ( Fig. S2) (8, 9, 91) . Third, it prevents the preponderance of multi-invasions (one ssDNA end invading two donors), which can lead to translocations of the two donors and a cascade of further rearrangements (11) .
In S. cerevisiae, at least three enzymes/complexes have been implicated in D-loop disruption: Sgs1-Top3-Rmi1 (86), and two 3Ј-5Ј helicases, Srs2 (88) and Mph1 (93) . In vertebrates, the number of helicases increases and includes the five RecQ family helicases (Table 1) . Likely, each helicase is specialized to recognize subtly different hDNA intermediates, whether they are demarcated by the topological status, DNA junction structure, and/or interaction with other bound proteins. Often these factors have roles in support of DNA replication in addition to DSB repair. D-loop disruption activities maintain a dynamic balance with hDNA formation and extension, enhancing overall HR fidelity and promoting CO avoidance.
DNA synthesis at the D-loop
Once the 3Ј end has been incorporated into hDNA in the D-loop or a 3Ј end has been generated by cleavage, the stage is set for DNA synthesis (Fig. 2C) (94) . In vitro, this reaction has THEMATIC MINIREVIEW: DSB repair by homologous recombination been reconstituted with a short oligonucleotide ssDNA paired with a supercoiled plasmid donor, including Rad51, Rad54, and RPA to make the D-loop and RFC1-5, PCNA, and DNA polymerase ␦ as minimal components for D-loop extension (95) (96) (97) . On its own, Pol ␦ is unable to extend D-loops, yet the inclusion of PCNA and its loader RFC1-5 transforms the polymerase into a robust hDNA extender (95) . A genetic system in yeast revealed that both Pol ␦ and ⑀ are required for HR (98) , but the precise role of Pol ⑀ remains to be determined as it cannot perform displacement synthesis (99) .
When a short ssDNA is employed, the donor is only partially relaxed by its intertwining in the D-loop, and DNA synthesis can proceed until a topological block is encountered, as D-loop extension by DNA synthesis consumes one negative supercoil every helical turn (ϳ10.5 bp) ( Fig. 3) . In vivo the ssDNA substrate is relatively long and might be expected to fully relax the negative supercoils in the donor, as is observed in vitro with long ssDNA substrates (74, 81) . This means the D-loop will start DNA synthesis in a relaxed donor, and its extension will induce positive supercoiling, which topologically blocks DNA synthesis ( Fig. 3) . One way to overcome this block is to peel off the D-loop from the 5Ј side (relative to invading strand) of the hDNA to establish a migrating bubble to prevent topological stalling (100) . In yeast, Pif1 helicase enables long-range DNA synthesis during break-induced replication (101) , and BLM helicase is required for long SDSA events in Drosophila (102) . Both may act in a similar fashion to dda helicase, which carries out bubble migration in the phage T4 (100). Alternatively, topoisomerases might relax the donor ahead of the extending D-loop, as they do for normal replicative DNA synthesis. However, topoisomerases cannot deal with roadblocks in the template itself, such as RNA-DNA hybrids (R-loops), transcription machinery, and bound proteins. Interestingly, two homologs of the replicative helicase (MCM2-7), MCM8 and MCM9, have been proposed as a recombination-specific DNA helicase (103). MCM8 -9 and RAD51 are important for replication fork-associated DNA synthesis after degradation of the replicative helicase by MCM2 depletion, and their knockout decreases DSBinduced HR measured in genetic assays in human cells (103). However, the details of their interactions with the recombination machinery have not been established by their reconstitution into D-loop extension assays.
Many questions still shroud the control of recombinationassociated DNA synthesis. Besides Pol ␦, which DNA polymerases are involved, and what is their function? How is the 3Ј end generated for extension ( Fig. 2C) ? What is the influence of topoisomerases (and which) on DNA synthesis? Is a migrating bubble established, and which protein(s) are involved? How is the extent of DNA synthesis balanced by extended D-loop disruption activities to achieve SDSA?
Extended D-loop disruption, second-end annealing, and crossover avoidance
Pol ␦ DNA synthesis must extend the invading strand enough so that when the D-loop is disrupted, there is sufficient sequence homology to anneal to the second resected end of the DSB. Does the machinery sense when enough DNA synthesis has been accomplished? There may be no need, as genetic stud-ies support a model where DNA synthesis is achieved through successive cycles of invasion, short DNA synthesis, and D-loop disruption (104, 105) . Srs2 and Mph1 have been implicated genetically and demonstrated biochemically to disrupt extended D-loops (88, 97) . These proteins might promote a stochastic disruption of the extended D-loop. However, in the case of Srs2, there is evidence that cell signaling can tip the balance in favor of disruption upon D-loop extension. PCNA-SUMO was shown to give a modest preference to Srs2, which has a SUMO-interacting motif, for disruption of extending D-loops. Structurally, preference was shown for D-loops that contained hDNA proximal to the 3Ј end (88) . As Rad54, Srs2 is another example of a complex DNA translocase whose motor and accessory regulatory domains receive inputs from cell signaling, DNA substrate structure, and interaction with partner proteins (107) .
Srs2, Sgs1 (RecQ family), and Mph1 are 3Ј to 5Ј ssDNA translocases with respect to the DNA strand the motors translocate on. To disrupt the hDNA, they must first load onto a strand in the D-loop substrate. Continuing the Srs2 example, preference for the modified PCNA and 3Ј proximal hDNA substrate leads to a model where it translocates on the invading strand starting at the 3Ј end to disrupt hDNA (Fig. 3B ). However, another possible mode of disruption would be for a helicase to load at the 5Ј hDNA branch point on the donor template strand and translocate toward the 3Ј side of the hDNA tract (Fig. 3B) . In either case, helicase ssDNA translocation to unwind the heteroduplex and to eject the invading strand returns it to ssDNA, which will quickly be bound by RPA. Now disengaged from D-loops, the two DSB ends have the chance to anneal in the region of homology created from DNA synthesis steps within the D-loops. In yeast, Rad52 is intermediary for the annealing step between the RPA-coated ssDNAs (108, 109) . Likewise, RAD52 is the only human protein known to be capable of annealing RPA-coated ssDNA (110) . However, the phenotype of RAD52 mutants or knockdowns in vertebrate cells is very subtle and inconsistent with a critical role during HR-mediated DSB repair (31, 111) . Although the primary mediator function of Rad52 has been usurped by BRCA2, BRCA2 does not anneal RPA-coated ssDNA (19) . Because SDSA is also the predominant HR-mode of DSB repair in somatic human cells (112) , it is unclear which protein catalyzes the second-end annealing step. It is possible that an unidentified protein is involved, as the subtle phenotype of RAD52deficient human cells is not consistent with a critical role in this step. Alternatively, we suggest a modified SDSA model, which replaces a second-end annealing step with a second-end DNA strand invasion step, obviating the need for an annealing protein altogether (Fig. S1 ).
Regardless of whether second-end rejoining proceeds by annealing or invasion, DNA synthesis primed by the second end is required to restore the integrity of the chromosome. The identity of the DNA polymerase involved in second-end DNA synthesis remains to be determined (94) . Ligation of any remaining nicks restores the integrity of the chromosome, and CO was successfully avoided (Fig. 1 ).
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Double Holliday junction processing and the possibility of a crossover
Although SDSA is the preferred DSB repair pathway in somatic cells, a fraction of repair events proceed through formation of a dHJ, as supported by their physical detection in somatic cells (113) . En route to dHJ formation, one of two things can happen: the second resected DSB end anneals to the displaced strand of the D-loop (Fig. 1) , or both DSB ends simultaneously invade the donor and extend through DNA synthesis (Fig. S2) . Ligation of the resultant nicked duplexes then creates a dHJ, where each HJ is a four-way branched DNA joint molecule ( Fig. 1 and Fig. S2 ). These dHJs are processed by either dissolution, giving strictly noncrossover (NCO), or endonucleolytic resolution that generates CO or NCO products.
In Escherichia coli, RuvC has set the paradigm for the resolution of single HJs (114) . The RuvC dimer symmetrically cleaves two phosphodiester bonds across the HJ (Fig. S3 ), resulting in nicked duplexes capable of being ligated without further processing. If the cleavages of the dHJ across each of the two single HJs are in different planes, a CO product is formed, although incisions in the same plane result in an NCO outcome. This gives a 50% chance of CO formation, if the cleavages are random (Fig. S3 ). Thus, dHJ resolution has the potential for CO formation and is largely avoided in somatic cells.
The RuvC paradigm encouraged identification of similar resolvases in eukaryotes and led to the recognition of Mus81-Mms4, Slx1-Slx4, and Yen1. These nucleases have been shown to act on a variety of joint DNA molecules with different specificities as reviewed in Refs. 114, 115. For example, Yen1 cleaves HJs symmetrically to produce nicked duplex products, but it also cleaves other joint molecules such as 5Ј-flaps and model replication forks. Mus81-Mms4 cleaves intact HJs poorly, displaying a strong preference for joint DNA molecules containing a nick at the branch point. Human MUS81-EME1 has been proposed to cooperate with SLX1-SLX4 such that SLX1-SLX4 introduces the initial rate-limiting cut to form a nicked HJ, which is further processed by MUS81-EME1 (116) . However, the SLX-MUS complex, unlike GEN1, often cleaves asymmetrically, leaving products with gaps and flaps that require further processing. Mus81-Mms4 may also act on unligated nicked HJs before they are ligated. Whether HJs are always ligated before cleavage by resolvases is unknown. Moreover, the relaxed substrate selectivity among the eukaryotic endonucleases opens the possibility that cuts in other junctions like the D-loop or half-junctions ( Fig. S3 ) may also lead to crossover formation (92, 115) . These alternative models do not necessarily involve dHJ formation, yet still produce COs. Thus, HJ resolution in eukaryotes and CO formation are still poorly understood.
Even after dHJ formation, as a last measure of CO avoidance, the cell has the opportunity for dHJ dissolution carried out by the Sgs1-Top3-Rmi1 complex leading to a strict NCO outcome ( Fig. 1) (106) . The Sgs1 helicase promotes branch migration of the two HJs toward each other to converge into a hemicatenane. Top3 is required to resolve topological constraints during branch migration and to dissolve the topological connection by passing the two DNA strands of the hemicatenane to result in NCO products. Whether migration of HJs is random or directed is unknown. Dissolution is important to avoid excessive inter-sister COs and to prevent loss of heterozygosity in somatic cells. This is exemplified in Bloom's syndrome, in which the human Sgs1 homolog BLM is mutated, resulting in excessive sister chromatid exchanges and genome instability (106) .
Concluding remarks
HR enables cells to achieve high-fidelity repair of DSBs and other complex DNA damage. When properly regulated, the chances of deleterious rearrangements or loss of heterozygosity through CO are low. Because the complexity of HR increases with that of the organism, this makes studies in simpler systems valuable for establishing paradigms that can help deconvolute the complexity in humans. Continuing effort will be important to paint the full picture of this elegant DNA repair modus.
